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ABSTRACT 
RNA helicases are a diverse group of RNA dependent ATPases known to play a large 
number of biological roles inside the cell, such as RNA unwinding, remodeling, export, as 
well as degradation. Understanding how helicases mediate changes in RNA structure is 
therefore of fundamental interest. The advent of single-molecule spectroscopic techniques 
has unveiled with unprecedented detail the interplay of RNA helicases with their substrates. 
In this review, we describe the characterization of helicase-RNA interactions by single-
molecule approaches. State-of-the art techniques are presented, followed by a discussion of 
recent advancements in this exciting field. 
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INTRODUCTION 
Originally thought of as simple intermediaries in protein synthesis from a DNA sequence, it 
has become increasingly clear that RNA molecules play essential roles in almost every 
aspect of cellular metabolism.1 RNA functions span diverse processes such as protein 
synthesis (as messenger RNA, mRNA, ribosomal RNA, rRNA, and transfer RNA, tRNA),2-6 
post-transcriptional precursor mRNA processing (as small nuclear RNA, snRNA, and small 
nucleolar RNA, snoRNA),7-12 maintenance of telomeres (as telomeric RNA),13 and control of 
gene expression (as microRNA, miRNA, small interfering RNA, siRNA, antisense RNA 
aRNA, and riboswitches).14-18 Moreover, RNA molecules are crucial in the action of parasitic 
entities like retrotransposons, viruses and satellite RNA.19-21 Such functional diversity is 
brought about by the structural diversity of RNA, which can be somewhat surprising 
considering the limited number of building blocks: the four nucleobases adenine, guanine, 
cytidine and uracyl.22 In addition to canonical base pairing, RNA molecules are also capable 
of forming numerous interactions, such as, base-stacking, non-canonical base-pairing, 
ribose 2'-hydroxyl bonding and metal ion binding.23, 24 These interactions are essential to 
form the native, three-dimensional structures that make RNA molecules function inside living 
cells.23, 25 
Small functional motifs, such as G-quadruplexes in the untranslated regions of mRNA, 
are able to form readily.22, 26  In contrast, long RNA molecules composed of several hundred 
nucleotides often form stable conformational intermediates that present local minima in the 
energy landscape. When separated by considerable energy barriers from the next minimum, 
these intermediates can result in folding kinetic traps,27-31 which prevent the RNA from 
readily folding into the more stable native structure.32 Accumulation of kinetic traps can result 
in reduced, altered or even lost of functionality, because the native conformation is reached 
slowly or not at all.33 As a consequence, kinetic traps must be resolved in vivo through the 
action of helper proteins, such as helicases. Helicases, are ubiquitous enzymes that can 
catalyze different types of conformational changes and structural rearrangements, going far 
4 
beyond the traditional view of double strand separating motors.34 RNA helicases are 
involved in almost all aspects of cellular metabolism including translation initiation,35, 36 
ribosome biogenesis,37, 38 RNA splicing,39, 40 miRNA function,41-43 RNA transport,34, 44, 45 
replication by RNA viruses,46 and unwinding of G-quadruplex structures.47 RNA helicases 
are RNA dependent ATPases. Their mechanism can comprise sequences of complex steps 
involving as many as 75 rate constants in the case of DEAD-box RNA helicases (vide 
infra).48 Rapid RNA structural rearrangements occur upon ATP hydrolysis, followed by 
phosphate and ADP release, thereby turning over to another round of catalysis in which 
each conformational intermediate displays altered affinity its cognate substrate.49, 50 
Interestingly, dsRNA unwinding is also observed in the absence of ATP, though with slower 
kinetics and to a lesser extent.49, 50 Given the vast number of cellular processes RNA 
helicases are involved in, it is not surprising that individual helicases can strongly differ in 
translocation rate, directionality, processivity, active versus passive mechanism and step 
size (i.e. number of base pairs translocated or unwound during each catalytic cycle).51 
Through phylogenetic analysis, RNA helicases have been grouped and functionally 
classified into four superfamilies (SF). The most prevalent ones are the structurally similar 
SF1 and SF2, while a number of viral helicases belong to SF3 and SF4.52, 53 The majority of 
RNA helicases studied to date belongs to the largest subfamily SF2, characterized by ATP-
dependent translocation on the nucleic acid substrate and/or induction of RNA 
conformational changes and further sub-grouped as DEAD-, DEAH- and DExH-box 
helicases. The subgroup names derive from a highly conserved amino acid motif, in single 
letter code (e.g., D-E-A-D, Asp-Glu-Ala-Asp), in their helicase domain.51, 52, 54 Numerous 
biochemical studies, including gel mobility,55, 56 and unwinding assays,57, 58 have yielded 
valuable insights into their function, substrate specificity and steady-state kinetics.59 
However, due to ensemble-averaging, these experiments may fail to detect unwinding 
intermediates and/or conformational or functional heterogeneities within the sample.59 
Through the advent of single-molecule methods, it has become possible to monitor individual 
macromolecules in real time, thus eliminating population averaging.60-62 Rare or transient 
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intermediates can, therefore, be directly observed provided that (i) time resolution is 
sufficient, and (ii) enough events can be captured to rule out experimental artifacts.61, 63-66 
Over the years, single molecule approaches have led to an increasing number of fascinating 
discoveries. 67-72 Here, we provide an overview on single molecule spectroscopy methods 
and how they have been successfully employed to characterize the interplay between 
helicases and their RNA substrates. Technical specifications, advantages and drawbacks 
associated with individual techniques are also briefly discussed. We would also like to direct 
the reader to other interesting reviews on related topics.59, 73-77 
  
FORCE-BASED APPROACHES AND THEIR APPLICATION TO HELICASE-MEDIATED 
STUDY DUPLEX UNWINDING 
The application of force to single molecules allows for probing and manipulating the folding 
energy landscape, as well as measuring the force generated by single biomolecules.64, 78 
These approaches do not typically require labeled samples, as they extend the biopolymer 
between two handles, or attachment sites.64 Atomic force microscopy (AFM) and optical 
tweezers have been previously used to study the effect of helicases on RNA substrates (vide 
infra).79, 80 Two other force-based techniques are magnetic tweezers and tethered-particle 
microscopy (TPM), which have both been successfully used to characterize DNA-helicases, 
but they will not be presented here.81-84  
 
Atomic force microscopy. Put forward by Binnig and co-workers,85 AFM has become a 
powerful tool for imaging and manipulating molecules at the nanoscale.86-89 At the heart of 
the mechanical microscope is a flexible cantilever, which acts as a linear spring according to 
Hooke's law and is used to detect force exerted onto its tip by means of a laser beam that is 
reflected from the cantilever onto a detector.90 Typically, the molecule under study is 
tethered to a surface at one end, and to the AFM tip at the other, such that force can be 
measured and/or applied (Fig. 1A),69, 80 although other experimental approaches have also 
been used.79 AFM requires minimal sample preparation and experiments can be carried out 
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in many different environments to obtain data in nm3 spatial and 100 ms temporal 
resolution,90, 91 offering the possibility of imaging entire proteins and their environment at 
once (Table 1).90 The advent of high-speed AFM using smaller cantilevers oscillating at 
higher frequencies has led to time resolutions over 1000 frames/s.92 However, due to the 
requirement for physical contact with the sample, its application is currently limited to in vitro 
systems with isolated components. A more detailed description has been given elsewhere.69, 
78, 90 
 
Optical tweezers. In the same year that AFM was invented, Chu and co-workers 
demonstrated particle trapping in a laser beam and suggested its application to study 
"biological particles".93 The technique is based on light-matter interaction; the optical trap is 
generated by focusing laser light to a diffraction-limited spot using a high numerical aperture 
objective.69 In the vicinity of the laser focus, the dielectric object to be trapped experiences a 
three-dimensional force directed towards the beam waist.69 Therefore, the laser can be 
regarded as a microscopic lens that focuses the electro-magnetic field, which causes the 
particle to move toward the highest intensity point.94 Particle displacements from the trap 
center are used to follow and quantify the forces exerted onto a biomolecule, such as an 
RNA molecule, tethered to the bead. Optical tweezers readily enable measurements of 
forces as small as 25 fN and sub-nanometer resolution (Table 1).78, 94-98 Since their 
discovery, experiments with optical tweezers have enabled ground-breaking studies of actin-
myosin interactions, kinesin motion along microtubules, viral packaging, RNA polymerase 
transcription, and DNA and RNA folding amongst others.94, 99-102 While the use of optical 
tweezers has become popular due their purely optical nature, they can also present some 
experimental hindrances such as challenging calibrations,69 local heating resulting from high-
intensity, focused laser beams. These issues can complicate the implementation of optical 
tweezers measurements in live cells, even though the technique has been successfully 
adapted for in vivo studies on other systems.103 For a more detailed description on optical 
tweezers, we direct the reader to the following reviews.69, 94, 104 
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RNA duplex unwinding in the presence of the DEAD-box helicases eIF4A and Ded1.80 
Secondary structure motifs along mRNA molecules can impede the translational machinery 
search for the start codon required for protein synthesis initiation.105-108 Two eukaryotic 
initiation factors, eIF4A and Ded1 (Table 2),73 belonging to the DEAD-box family (SF2) of 
RNA helicases, have been shown to resolve RNA secondary structures and unfold RNA 
hairpins in vitro.80, 109, 110 Using AFM, McCarthy and coworkers studied the mechanism of 
these two helicases at the single molecule level.80 The authors used RNA sequences 
derived from the naturally occurring GCN4 5'-UTR, which were surface-tethered through 5’-
end thiolation and attached to the cantilever tip using biotinylated nucleotides in the poly-A 
tail (Fig. 1A). The RNA was then stretched by pulling the cantilever away from the surface. 
The force exerted on the RNA was determined by measuring the bending of the cantilever 
with the reflected laser beam (Fig. 1A). The resulting force-extension curves (Fig. 1B, C) 
revealed the force necessary to stretch (red) and refold (blue) the RNA at a certain distance. 
Each molecule could be pulled ~20-30 stretching/refolding cycles before dissociation of the 
RNA, backbone cleavage or disruption of the biotin/streptavidin bond. Incorporation of a 
stable 25 GC basepair stem-loop has been shown to inhibit translational initiation in S. 
cerevisiae.107 In the AFM experiments, incorporation of the same hairpin resulted in an 
abrupt drop in force in the stretching curve (arrow, Fig. 1B), which was absent in the 
refolding curve. This drop was assigned to the opening of the hairpin.107 In the presence of 
saturating Ded1, the force required to open the hairpins decreases from ~150 pN to ~90 pN 
(Fig. 1C). Comparison between the two helicases showed that Ded1 is more effective in 
reducing the force necessary to unfold the hairpin, even in the presence of elF4B, an elF4A 
cofactor that enhances its unwinding rate. In addition, the unwinding activity of eIF4A/B 
saturates well before the stem loop is fully unwound. Based on these results, the authors 
concluded that Ded1 is a more efficient facilitator of stem-loop unwinding than elF4A/B, and 
likely the major unwinding factor on natural mRNA substrates. Based on earlier bulk 
studies,110 the authors proposed that eIF4A acts via an ATP-dependent steric mechanism, 
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whereby the helicase binds to single-stranded RNA adjacent to the stem loop structure, thus 
causing its partial unwinding, whereas Ded1 dynamically unwinds the stem loop through low 
processive, ATP-dependent translocation.80 
In this study, the relative efficiency of two eukaryotic helicases to separate was assessed 
from the decrease in unwinding force. Future studies may involve eIF4G, which has been 
shown to stimulate eIF4A via a conformational guidance mechanism.111 A valuable 
extension of analogous studies will involve time dependent force-extension plots (vide infra). 
This will allow finding key mechanistic features of processive helicases, such as the number 
of base pairs unwound/ATP hydrolysed, the physical step size (mean distance/translocation 
step), as well as the kinetic step size (mean number of base pairs unwound/rate-limiting 
step). 59 
 
RNA translocation and unwinding mechanism of HCV NS3 helicase and its 
coordination by ATP.112 The hepatitis C virus (HCV) non-structural protein 3 (NS3) is an 
SF2 DEAH-box helicase that plays a key role in viral RNA replication and an important drug 
target against HCV infection (Table 2).113,114 In a study by Dumont and co-workers, NS3-
catalyzed unwinding of dsRNA and translocation long the substrate was characterized using 
optical tweezers.112 A 60 bp RNA hairpin with handles was attached to two beads and held 
under constant strain (Fig. 2A). The end-to-end distance of the RNA was measured in the 
presence and absence of NS3 to monitor helicase-induced RNA unwinding. Force-extension 
curves show that the presence of NS3 decreased the force required for unfolding from 20.4 
pN (Fig. 2B, green) to 5 pN, though, this depends on the GC-content of the sequence.115 To 
monitor NS3 unwinding activity, the RNA substrate was held at constant force in the 5 to 17 
pN range, in the presence of the helicase (Fig. 2B, red). The resulting time trajectories 
revealed stepwise increases of inter-bead distance, which was subsequently converted into 
basepairs (Fig. 2C),116 and interpreted as unwinding steps and pauses. A histogram of 
pairwise distances (Fig. 2D) revealed a periodic pattern of steps, suggesting that the cyclic 
behavior of NS3 is coordinated by ATP in discrete steps of 11 ± 3 bp that include rapid 
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smaller substeps of 3.6 ± 1.3 bp, which reflect actual unwinding. However, in a follow-up 
study, step size was shown to be decreased to 9 ± 2 bp in the presence of long GC-rich 
stretches that were absent in the substrate used in the initial study.115 Interestingly, the 
authors also observed apparent backward steps of 12 ± 3.6 bp corresponding to the 
stepwise refolding of the substrate after unwinding. This pronounced processivity is 
somewhat surprising, given that NS3 differs in only one of six conserved motifs from its 
phylogenetically-close relatives from the DEAD-box family of helicases, which are almost 
non-processive.34  
Mean pause duration of the NS3 helicase was found to be inversely proportional to ATP 
concentration, indicating that exiting from pauses requires ATP hydrolysis. Analysis of pause 
distributions below and above the Michaelis-Menten constant pointed the authors to propose 
a kinetic mechanism by which the helicase exits from pauses in two steps, only one of which 
involves ATP hydrolysis. The occurrence and duration of stalling was shown to depend upon 
the presence of GC islands of six or more basepairs but not three.115 Furthermore, the 
stepping velocity of NS3 between pauses increases with ATP concentration indicating that 
each step consists of ATP-dependent substeps. Based on the kinetic data, the authors 
concluded that NS3 must bind ATP in each substep during unwinding.112 The processivity of 
NS3 did not significantly depend upon either ATP or NS3 concentration above KD, but was 
strongly dependent on the force applied and also found to be affected by the base 
composition of the duplex.115  In contrast, pausing and stepping velocity were independent of 
force indicating that NS3-mediated RNA unwinding activity is not limited by strand separation 
but by translocation. 
Although the stepping velocity and Km were in good agreement with prior bulk 
experiments, the single molecule assays were seemingly in conflict with previous ensemble 
experiments reporting a step size of 18 ± 2 bp as compared to 11 ± 3 bp.117 The authors 
proposed that NS3 dimerization in bulk experiments may account for this difference, while 
the 3’-overhang used in the single-molecule study did not allow for dimer formation.112 This 
hypothesis was further confirmed in subsequent bulk experiments.115 In the proposed model, 
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the NS3 monomer has two RNA binding sites; one site acts as a translocator and the other 
as a helix opener.112 Both translocation and unwinding take place as ATP-dependent 
substeps, resulting in 11-basepair unwinding bursts. Following results further indicated that 
these substeps are preceded by active destabilization of the double-stranded region to be 
unwound, as opposed to opportunistic forward motion of the enzyme upon thermal fraying of 
the duplex.115 In an independent fluorescence-based study carried out with double-stranded 
DNA, Myong et al. proposed an alternative model analogous to a loaded spring involving 
three successive ATP hydrolysis events driving the two domains forward in one-base-pair 
steps, followed by an abrupt 3 bp-separation using DNA.118 To reconcile these findings, 
Cheng and co-workers have recently used a homopolymeric GC sequence to avoid 
sequence-dependent variation in step size and to slow down the helicase.119 Hence, their 
experiments at very low ATP concentrations (to further slow down the helicase) achieve 1 bp 
resolution.119 They observed both large 11-bp unwinding steps and 1-bp unwinding events, 
thus reconciling fluorescence experiments with force spectroscopy studies. However, they 
also observed statistically significant higher-order 1.5-, 2- and 2.5-bp unwinding events.119 
As the rate constants for unwinding were independent of substepping size, the authors 
proposed that higher-order steps are due to release of nucleotides held in previous rounds of 
unwinding, in agreement with recent crystallographic data (Fig. 2E).119, 120 This example 
illustrates how different single molecule approaches can be used alongside to improve our 
understanding of helicase-mediated double-stranded RNA unwinding.  
 
FLUORESCENCE-BASED METHODS AND THEIR APPLICATIONS IN ELUCIDATING 
RNA-HELICASE INTERACTIONS 
 
Single-molecule Förster Resonance Energy Transfer (smFRET). FRET is a process by 
which energy is non-radiatively transferred between two dipoles, typically the transition 
dipole moments of two fluorophores that are referred to as donor and acceptor. Efficient 
energy transfer requires the emission spectrum of the donor to overlap with the excitation 
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spectrum of the acceptor, which satisfies the resonant (equal energy) condition. Energy 
transfer efficiency depends very strongly on the distance between the two dipoles (R), and is 
calculated as E = (1 + (R/R0)6)-1, where R0 is the Förster radius at which half of the energy is 
transferred. The Förster radius is typically in the 30-80 Å range, but depends on the spectral 
properties of the fluorophores, their relative orientation and their local environment.70 Owing 
to its distance-dependence, FRET is regularly referred to as a "molecular ruler" to probe 
inter- and intramolecular distances in biological systems.54, 121 Experimentally, the lack of 
information on relative fluorophore orientation makes it challenging to determine the exact 
energy transfer efficiency.122 Therefore, the apparent energy transfer efficiency is often 
simply calculated as FRET = IA/(IA+ID), where ID and IA are the fluorescent intensities of the 
donor and acceptor, respectively.  
smFRET is a popular and adaptable approach to study biomolecular mechanisms of 
isolated molecules because FRET provides the sensitivity and selectivity necessary to detect 
single molecules dynamics in real time (Table 1).70, 123 It has, therefore, been applied to 
study both the interaction of surface-immobilized RNAs with a helicase,121, 124, 125 and to 
probe helicase conformational dynamics in solution.126-129 By monitoring individual 
molecules, smFRET can help reveal sample heterogeneity and the presence of transient 
intermediates.130  
 
Protein-induced fluorescence enhancement (PIFE). An important limitation in the 
interpretation of smFRET data arises from fluorophore blinking (intersystem crossing to long-
lived, non-fluorescent triplet states) and photobleaching (light-induced chemically modified 
non-fluorescent adducts).131 Despite recent advancements in the suppression of such 
photophysics through addition of reducing (or oxidizing) agents,132-134 dark states, blinking 
and unstable emission still present a challenge in single-molecule fluorescence 
microscopy.130 An interesting solution to this problem is the use of protein induced 
fluorescence enhancement (PIFE), which requires only one label.135, 136  
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Cyanine dyes, which consist of two aromatic moieties linked by a polymethylene chain, 
can adopt cis and trans conformations, but the latter conformer exhibits considerably higher 
fluorescence quantum yield.137 Therefore, cis-trans isomerization decreases the apparent 
quantum yield of cyanine dyes and their fluorescence lifetime.137 The principle behind PIFE 
relies on a local increase of the viscosity of the fluorophore environment due to the proximity 
of a protein, resulting in hindrance of the cis-trans isomerization and hence, altered 
fluorophore quantum yield. This allows to directly monitor protein binding and dissociation 
dynamics.135, 136, 138 However, in contrast to the ratiometric smFRET method that minimizes 
the effect of inherent emission fluctuations of single fluorophores,139  PIFE data is prone to 
produce noisy data. Because specific environmental changes in the vicinity of fluorophores 
are challenging to predict, interpretation of experimental data requires careful calibration and 
well-designed control experiments.136  
 
Helicase-assisted secondary structure conversion towards and against 
thermodynamic equilibrium.140 Helicases are multifunctional enzymes that, not only 
separate double-stranded nucleic acids, but they can also drive structural rearrangements 
required for function.141, 142 Interestingly, stable secondary RNA structures have been 
observed to be converted into thermodynamically less stable ones.141 Shortly after the single 
molecule characterization of Ded1-catalyzed unwinding of RNA duplexes,80 Jankowsky and 
co-workers used smFRET in conjunction with bulk biophysical methods to characterize 
Ded1-catalyzed RNA structure remodeling (Table 2).140 The authors studied whether Ded1 
catalyzes conversion of a stable RNA duplex into a thermodynamically less stable one by 
first disassembling existing duplex structures, or through recruitment of multiple strands to 
form a tripartite intermediate (Fig. 3A). To address this question, they designed a three-
strand RNA substrate such that two, mutually exclusive, duplex structures of distinct 
stabilities could be formed (Fig. 3A, left and right). One of the strands contained a biotin label 
for surface-tethering, the second strand contained the donor fluorophore (Cy3) and the third 
strand contained the acceptor fluorophore Cy5 (Fig. 3A). Therefore, the more stable duplex 
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is characterized by Cy3 emission alone (i.e., zero FRET), the least stable duplex is 
characterized by the loss of the Cy3 strand (and thus, Cy3 fluorescence), and a possible 
tripartite complex by the presence of both Cy3 and Cy5 in close proximity (i.e., emission of 
both fluorophores via FRET). Having determined the equilibrium ratio of the two duplex 
structures under different conditions, the authors observed structural interconversion against 
thermodynamic equilibrium upon addition of Ded1 and ATP using non-denaturing gel 
electrophoresis. A gel mobility shift was accompanied by the generation of single-stranded 
RNA.  In the absence of ATP, strand exchange was also observed, but to a lesser extent, 
and single-stranded RNA was not detected.  
In single-molecule FRET experiments, the resulting time trajectories clearly showed the 
reversible formation of a transient tripartite intermediate complex (Fig. 3B and C, black 
arrows). In rare instances, the authors also observed the whole remodeling pathway with 
initial formation of the tripartite intermediate followed by dissociation of the Cy3 labeled 
strand (Fig. 3C, red arrow). The authors concluded that Ded1-assisted structure conversion 
can proceed via two pathways: (i) ATP-dependent strand exchange involving complete 
dissociation of the RNA strands, followed by protein-facilitated annealing; (ii) An ATP-
independent pathway promoting the formation of a tripartite intermediate complex (Fig. 
3A).140 
These results confirmed previous studies in which Ded1 was shown to be a low 
processive, ATP-dependent helicase.80, 125 The characterization and identification of the 
transient, tripartite intermediate and the remodeling pathway would not have been possible 
using solely ensemble-averaged techniques, underscoring the strength of single-molecule 
techniques to resolve transient intermediates in the reaction pathway. The authors thereby 
revealed an RNA remodeling activity of the Ded1 helicase in addition to its previously known 
duplex unwinding activity. However, a limitation in this assay is that formation of the less 
stable duplex, which is characterized by the loss of the Cy3 strand, and thus, loss of both 
Cy3 and Cy5 fluorescence, could not be distinguished from Cy3 photobleaching. One 
possible alternative approach is to invert the labeling scheme, because formation of the 
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tripartite complex would result in a high FRET signal followed by loss of Cy5 fluorescence, 
indicating strand exchange. An elegant way to rule out photophysical artifacts is by using 
alternating laser excitation (ALEX), which consists of exciting both fluorophores alternatively, 
thereby determined both FRET and fluorophore stoichiometry which unambiguously reports 
on photobleaching and blinking.143, 144 
 
Unwinding initiation by the viral RNA helicase NPH-II.121 NPH-II is a viral SF2 helicase 
with NTP-dependent unwinding activity, which plays an important role in transcription 
termination and viral RNA export.145-147 Experiments in vitro have shown that NPH-II 
unwinding initiation can be two-orders of magnitude slower than strand separation, thus 
making initiation the rate limiting step.147 Interestingly, the enzyme can even hydrolyze 
hundreds of ATP molecules before unwinding.147 This makes NPH-II an interesting model 
system to study unwinding initiation. After their initial smFRET study with Ded1, Jankowsky 
and co-workers characterized NPH-II-mediated dsRNA unwinding initiation using single-
molecule FRET. The authors surface-immobilized a Cy3-labeled dsRNA with a Cy5-labeled 
3’-single-stranded overhang (Fig. 4A). The overhang is required in vitro for NPH-II 
recruitment.55, 145, 147, 148 Single-molecule time trajectories recorded under various 
experimental conditions (Fig. 4B) were used to build time-binned FRET histograms that 
report on the conformational distribution of the 3’-end overhang (Fig. 4C-H).71  
In the absence of helicase, the free RNA yielded a distribution centered around 0.85 FRET 
(Fig. 4C), as expected for the two fluorophores in close proximity (Fig. 4A). Addition of NPH-
II alone induced a conformational change in the RNA-NPH-II complex that led to two distinct 
conformations with FRET distributions centered at ~0.15 and ~0.33 (Fig. 4D). Addition of 
ATP shifted the FRET distribution back to 0.85 (Fig. 4E). However, the time trajectories 
clearly revealed a rapid decrease in FRET followed by a loss of fluorescence, a signature 
indicative of helicase binding followed by duplex unwinding. To further test the mechanism, 
the authors replaced ATP by non-hydrolysable analogues blocking unwinding at different 
states of ATP hydrolysis.149-154 In the presence of ADP-BeFX (a ground state analogue), all 
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three FRET states were observed (Fig. 4F). Addition of ADP-AlFX (a hydrolysis transition 
state analogue) resulted in population of the two low FRET states (Fig. 4G). And in the 
presence of the hydrolysis product, ADP, only the high FRET peak was observed (Fig. 4H).  
Based on these results and other ensemble-averaged control experiments, the authors 
proposed a two-state kinetic model for unwinding initiation, and explained it through 
alternating ssRNA/dsRNA binding properties of the protein at different stages of the ATPase 
cycle (Fig. 4H): Without nucleotide, the helicase binds to both ssRNA and dsRNA, displaying 
intrinsic dynamics (i.e., 0.15 and 0.33 FRET states). Initial ATP binding stabilizes the bound 
complex preventing helicase dissociation from the ssRNA. In the hydrolysis transition state, 
NPH-II no longer binds the duplex. Following ATP hydrolysis, the helicase no longer binds to 
ssRNA. Thus, single-molecule experiments provide a mechanistic explanation for the 
maintenance of RNA-helicase contacts during duplex unwinding initiation, a long-standing 
question in the field.147, 155, 156 A future challenge will be to clarify why a high number of ATP 
molecules are often hydrolyzed prior to strand separation and which specific molecular 
events induce strand unwinding. This could be achieved by directly labeling the helicase in 
order to probe its conformational dynamics prior to unwinding, thus complementing smFRET 
experiments using fluorophore-labeled RNA substrates. 
 
Single-molecule analysis of Mss116-mediated group II intron folding.124 The 
Saccharomyces cerevisiae DEAD-box helicase Mss116 is essential for mitochondrial group I 
and group II intron splicing in vivo (Table 2).157 Mss116 activity has been extensively studied 
in ensemble-averaged experiments using the D135 ribozyme, which is a minimal model 
system for the S. cerevisiae group II intron ai5γ.158, 159 While Mss116 helicase activity 
depends on ATP binding and hydrolysis, the Mss116-mediated D135 folding mechanism is 
still not fully understood.  As an ideal tool to dissect RNA folding pathways, smFRET 
experiments were performed to characterize Mss116-mediated D135 folding.124  
Fluorescently-labeled D135 ribozymes were surface-immobilized onto PEG-coated quartz 
slides via a biotin-streptavidin linkage,160, 161 and FRET was measured using total internal 
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reflection fluorescence (TIRF) microscopy (Fig. 5A).162 Previous smFRET studies have 
shown that, in the absence of Mss116, D135 requires high Mg2+ concentrations for efficient 
folding in vitro.162 Moreover, the presence of Ca2+ altered the ribozyme’s structural dynamics 
and impeded its function.163 Building averaged FRET histograms from over 100 individual 
time trajectories recorded under precedented high-salt conditions suggested the presence of 
three distinct FRET states (Fig. 5B).162 As group II introns fold in an Mg2+ ion-dependent 
fashion,164 it was rationalized in an earlier smFRET study conducted at different Mg2+ ion 
concentrations that the three FRET states correspond  to an extended folding intermediate 
(I, ~0.1 FRET), a folded intermediate (F, ~0.4 FRET) and the native state (N, ~0.6 FRET).162 
Assignment of the native state was further supported by experiments conducted in the 
presence of the cleavable substrate 17/7, which significantly increased the population of 
N.162 smFRET trajectories confirmed that F is an obligatory folding intermediate in the D135 
folding pathway because only a small fraction of molecules (< 2%) folded directly from I to N. 
Under near-physiological conditions (Fig. 5C), smFRET experiments in the absence of 
Mss116 showed only the presence of the extended intermediate (I), confirming that the 
ribozyme alone cannot form the native state in low salt. Addition of Mss116 and ATP, 
however, restored all three FRET states (Fig. 5D), confirming that Mss116 promotes the 
formation of the native state. Control experiments with other, basic RNA binding proteins 
showed that electrostatic interactions alone account for the initial stabilization of the folded 
intermediate but not the native state. Similar experiments in absence of ATP (Fig. 5E) 
showed that Mss116 alone can induce the formation of all three FRET states, albeit 
structural conversion is promoted to a lesser extent. Similar results were obtained for the 
non-hydrolysable ATP analog AMPPNP (Fig. 5F). Since Mss116 can facilitate formation of N 
both in the presence and absence of ATP, the authors proposed that ATP hydrolysis may 
play a role in Mss116 dissociation and recycling to increase helicase-assisted folding 
efficiency.  
As an inherent advantage, smFRET provides a direct means to characterize the ribozyme’s 
dynamics and to identify the presence of subpopulations. Single-molecule time traces 
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revealed the presence of two subpopulations: static molecules that did not undergo any 
changes in FRET during the observation time (minutes) and dynamic molecules that 
displayed FRET transitions. In the absence of Mss116 and under high salt conditions, the 
dynamic subpopulation represented ~25% of the observed molecules (Fig. 5G, red). 
Decreasing the ionic strength to near physiological levels, decreased the dynamic population 
to  below 5% (Fig. 5G, green). Under these ionic conditions, addition of Mss116 and ATP 
increased the dynamic population to ~35% (Fig. 5G, blue). Removal of ATP, or the presence 
of the non-hydrolysable ATP analogue (AMPPNP) also yielded ~25-30% of dynamic 
molecules. The large subpopulations of static molecules in the I state in the absence of 
Mss116 indicate the presence of at least one high-energy activation barrier for folding 
between I and F.  
Traditionally, folding rate constants (k1, k-1, k2, k-2) are obtained by measuring dwell times 
in each FRET states using manual thresholds. But noisy datasets or species with close 
FRET values can make this analysis challenging.61 A powerful alternative is the use of 
hidden Markov Models (HMM) to analyze the smFRET trajectories, and to determine the 
folding rate constants and characterize the energy barriers on the folding pathway (Fig. 5H). 
In the absence of Mss116, high salt was found to accelerate the folding reaction by ~3-fold, 
while slowing down the unfolding reaction by ~2-fold. Interestingly, addition of Mss116 and 
ATP had a similar effect. These results indicate that Mss116 functions by decreasing the 
activation barriers between folding intermediates and by stabilizing the native state.  
In summary, this study showed that the ribozyme folds through a series of obligatory 
intermediates and that Mss116 functions by facilitating formation of specific species (Fig. 
2H): formation of the folded intermediate is promoted by electrostatoc interactions, even in 
the presence of non-specific basic proteins. However, efficient transition to the native state 
requires the presence of both Mss116 and ATP. In contrast to other RNA-helicase studies in 
singulo, the authors used a native Mss116 substrate (a large, catalytically competent group 
II intron ribozyme), under near-physiological ionic conditions. Such large substrates can 
leads to complex data analysis. For example, the free rotation assumption of the cyanine 
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dyes may not hold true. However, the authors carried out anisotropy measurements to 
address this issue.162 Alternatively, linearly polarized nanosecond ALEX can help monitor 
fluorophore rotational freedom in real time.144 
 
Cytosolic viral sensor RIG-I is a 5'-triphosphate-dependent translocase on double-
stranded RNA.135 During viral infections, the Retinoid acid Inducible-Gene protein (RIG-I) 
specifically recognizes 5’-triphosphate on viral RNA and subsequently initiates the antiviral 
immune response in the host (Fig. 6 and Table 2).165, 166 RIG-I has a modular structure 
comprising two N-terminal caspase activation and recruitment domains (CARDs), a central 
ATPase domain, required for antiviral signaling, and a C-terminal regulatory domain (RD).167, 
168 In a recent study, Myong and co-workers employed smPIFE to characterize the role of 
the central domain and to address whether RIG-I action is primarily induced by the presence 
of a 5’-triphosphate or the prevalence of dsRNA, both of which are characteristic markers of 
viral RNA.135 They assessed ability of the full length protein (wtRIG), as well as two truncated 
versions of RIG-I (RIGh and svRIG) to recognize different DY547-labeled RNA substrates, 
followed by translocation along a stretch of dsRNA (Fig. 6A-C).135  
In an initial set of experiments, fluorophore-labeled dsRNA devoid of a 5’-triphosphate was 
surface-immobilized onto a polymer-passivated quartz slide (Fig. 6A).135 RIGh binding to the 
dsRNA resulted in sharp fluctuations of DY547 fluorescence in the single molecule 
trajectories (Fig. 6D) that became more frequent in the presence of both RIGh and ATP.135 
To test whether RIGh translocates during upon substrate binding, the authors measured the 
distribution of dwell times between fluorescence bursts using 25 and 40 basepair dsRNA. As 
expected for a translocating enzyme, the distribution of dwell times in the bound state 
increased for the substrate with the longer end-to-end distance (Fig. 6E), indicating that 
RIGh unidirectionally translocates on dsRNA. Analogous experiments in the presence of 
wtRIG and ATP revealed similar, though less frequent fluctuations in fluorescence 
trajectories.  The resulting dwell time histograms (i) confirmed the trend towards longer dwell 
times in the presence of the 40bp-substrate and (ii) revealed a much broader distribution 
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with ~15-fold higher average value as compared to RIGh (Fig. 6F). Decreased translocation 
velocity along dsRNA lacking the 5'-triphosphate in the presence of CARDs is in agreement 
with earlier reports,169 and was explained by inhibition of ATP hydrolysis by conducting 
further ATP-dependent experiments. A splice variant of RIG-I was constructed by removing 
amino acids 36-80 in the first CARD domain (svRIG, Fig. 6C). The single molecule PIFE 
trajectories and the resulting dwell time histograms (Fig. 6C) revealed that svRIG behaves 
similar to RIGh, indicating that translocation activity was restored for svRIG. These results 
confirm that both CARD domains of RIG-I are required to suppress translocation activity in 
the absence of the 5’-triphosphate.169 
Next, the authors evaluated the effect of a 5' triphosphate attached to a single-stranded 
overhang on RIG-I translocation (Fig. 6B). Single-molecule PIFE trajectories and the 
resulting dwell time histograms show that wtRIG translocates ~20-fold faster on the 5’-
triphosphate substrate than on standard dsRNA. This suggests that the 5’-triphosphate 
prevents ATPase inhibition by the two CARDs, and the authors proposed that RIG-I 
translocation is preceded by 5’-triphosphate recognition. To rule out scanning on the single 
stranded overhang prior to translocation along the dsRNA, the authors varied the ratio of 
ssRNA and dsRNA stretches and observed linear increase of dwell times with increasing 
length of the duplex for both RIGh and wtRIG (Fig. 6H). These results pointed the authors to 
proposing a model where RIG-I first recognizes the 5’-triphosphate of viral RNA, which in 
turn prevents ATPase inhibition by the two CARDs, thus enabling RIG-I unidirectional 
translocation and the associated immune response cascade (Fig. 6I).  However, the way in 
which the immune response is linked to the unidirectional translocation of RIG-I remains 
unclear. The authors speculated that repetitive shuttling might inhibit binding of pathogenic 
proteins playing a role in the viral replication cycle. This does not explain, however, why 
ATPase-deficient RIG-I mutants capable of unidirectional translocation do not elicit an 
immune response in vivo. Future studies should be carried out with native RNA substrates, 
as these may form higher-order structures that can be recognized by RIG-I thus modulating 
20 
its activity, and in the presence of viral RNA-binding proteins known to play a role in 
replication. 
 
CONCLUSIONS 
It is increasingly clear that RNA helicases play numerous crucial and diverse roles in 
essentially all aspects of RNA metabolism. Here, we have reviewed recent single-molecule 
studies that have provided unprecedented information on helicase mechanisms. Force-
based methods have allowed for the observation of individual mechanistic cycles of different 
helicases with near-basepair resolution, unveiling unwinding forces and processivity. In turn, 
fluorescence-based methods have been used to observe and characterize helicase-
mediated strand exchange, helicase-RNA interaction, helicase conformational dynamics, as 
well as helicase translocation along a double helix in real time. The resulting models did not 
only expand our understanding of helicase mechanisms, but they also underpinned the 
mechanical and functional diversity between different helicases that are highly related with 
regard to the conservation of specific sequential motifs. Such detailed characterization would 
have been hardly accessible with conventional ensemble-averaged techniques, making 
single-molecule spectroscopy a powerful tool to study these key biologically reactions. 
 
In turn, some of the studies reviewed make use of artificially designed RNA model systems 
(such as RNA hairpins) which may simplify data interpretation, but my also fair to reveal the 
biological function of the enzyme. Other aspects mimicking a living cell were also missing. 
Therefore, future studies should not only include other biologically important RNA helicases 
such as DICER, but also known protein cofactors, for example eIF4G that has been 
demonstrated to increase eIF4A activity, as well as proteins known to bind to the natural 
RNA substrate, such as viral cofactors in the case of RIG-I. A possibly interesting approach 
to simulate the crowded environments inside living cells would be imaging in the presence of 
molecular crowding agents that have been successfully employed in other research fields.170 
Methodological efforts have already resolved mysteries associated with single-molecule data 
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(see the section on NS3). We believe that technical advances will continue to contribute to 
making single-molecule spectroscopy more robust. Current efforts aim at the development of 
multidimensional FRET to simultaneously map multiple domains, a new generation of 
fluorophores with improved photostability and higher spatial and temporal resolution.65, 78, 131, 
171-173 We anticipate that such technical improvements will ultimately lead to imaging folding 
of single RNA molecules inside live cells, which will provide further fascinating insights into 
the function of RNA helicases. 
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FIGURE CAPTIONS 
Figure 1. Helicase induced RNA hairpin unfolding using AFM force spectroscopy. (A) RNA 
immobilization involves tethering the 5’-end to the gold-coated surface ("Au") and attaching the 
biotinylated 3’-end ("B") to a streptavidin-coated ("S") silicon nitride (Si3Ni4) tip. Force-extension 
curves were recorded in the presence and absence of eIF4A or Ded1, represented as "HEL". (B, C) 
Representative force-extension plots representing stretching of a single RNA molecule containing a 
GC-rich stem-loop. (C) Stretching of the same RNA in the presence of 400 nM Ded1. The pull curve 
(red) runs from left to right and the approach curve (blue) from right to left. The arrow indicates the 
force and extension when the hairpin unfolds.  In the presence of Ded1, the hairpin unfolds at lower 
force. Adapted from ref. 80. 
 
Figure 2. Revealing NS3 translocation and unwinding mechanism by optical tweezers. (A) A 60 bp 
RNA hairpin is flanked by two RNA/DNA duplexes. The bottom duplex (599 bp) is attached to a bead 
via biotin-streptavidin linkage ("B", "S"). The top duplex (535 bp) is attached to an anti-digoxigenin 
coated bead via digoxigenin ("A", "D"). NS3-mediated ("HEL") duplex unwinding is followed upon 
application of external force. (B) Unwinding experimental steps: mechanical folding and unfolding of 
substrate in the absence of NS3 shows a transition at 20.4 pN, the force required for hairpin 
unwinding (green), the presence of NS3 decreases the force required for duplex unwinding (red), 
force is brought to 30 pN to fully extend the nucleic acid strand (blue). The RNA hairpin is allowed to 
refold at 2 pN force (yellow). (C) Extension of bead separation during RNA unwinding by NS3 reveals 
discrete steps and pausing. (D) A pairwise distance histogram of the unwinding trace shown in (C) is 
later subjected to Fourrier analysis to determine the apparent unwinding step size. (E) Unified model 
for NS3 helicase activity. Nucleic acid substrate binding is followed by ATP-dependent destabilization 
duplex by the translocator domain (blue ellipse).115 The RNA hairpin is unwound by helix-opening 
domain (orange circle) in fast ATP-dependent 1 bp-substeps adding up to steps of 3.6 +/- 1.3 bp, 
unwinding 7 to 13 basepairs per apparent step depending on the GC content.112, 115, 118, 119 
Subsequently, the translocator moves forward to start a new catalytic cycle.112 At this stage, GC-rich 
sequences increase the probability of helicase dissociation.115 Adapted from ref 112 and 115. 
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Figure 3. Ded1-mediated RNA remodeling monitored by smFRET. (A) Experimental design and 
results. The Cy3-labeled RNA strand (light grey, Cy3: green circle) forms a thermodynamically stable 
duplex with the immobilization strand (white) that is surface-tethered via a biotin-streptavidin linkage 
("B", "S"), while the Cy5-labeled strand (dark grey, Cy5: red circle) is in solution. Strand exchange in 
the presence of Ded1 ("HEL") and in the absence of ATP proceeds via a tripartite intermediate 
characterized by a sudden increase in Cy5 emission though FRET, followed by the formation of the 
thermodynamically less stable duplex accompanied by a complete loss of fluorophore emission 
(upper pathway). In the presence of both Ded1 and ATP, strand exchange involves complete 
disassembly of the more stable duplex and subsequent formation of the less stable one (lower 
pathway). Passivation of the quartz slide is achieved through coating with polyethylene glycol to 
prevent non-specific binding of the protein to the slide.161 (B-C) Representative fluorophore emission 
and FRET time traces. Cy3 and Cy5 emission over time (green and red traces) displays FRET-typical 
anticorrelated behavior (upper plots). FRET over time reveals the formation of the tripartite 
intermediate, as indicated by sudden burst of FRET (lower plots, black arrows), followed either by 
dissociation of the Cy5-labeled strand (B) or strand exchange and complete absence of fluorophore 
emission (C, red arrow).  Figure modified from ref. 140. 
 
Figure 4. Characterizing NPH-II-catalyzed RNA duplex unwinding. (A) Experimental design and 
results. A fluorophore-labeled 19-bp RNA duplex (Cy3: green circle, Cy5: red circle) with a 24-nt 3' 
extension was immobilized on the PEG-passivated quartz slide via a biotin-streptavidin linkage ("B", 
"S").161 The initial high FRET value of 0.85 is diminished in response to NPH-II binding ("HEL") and 
fluctuates between two discrete low FRET values, indicating and increased inter-dye distance. 
Addition of ATP triggers duplex unwinding ultimately leading to complete loss of emission upon strand 
separation. (B) Representative smFRET trajectory (1 nM NPH-II, no ATP) showing transition between 
the helicase-unbound state (FRET 0.85, highlighted in orange), and the helicase-bound states (FRET 
0.15 and 0.33, highlighted in green and yellow, respectively). (C-H) Averaged FRET histograms, each 
built from over 100 individual FRET time traces. Imaging conditions: (C) only RNA, (D) RNA and 100 
nM NPH-II, (E) 100 nM NPH-II, 3.5 mM ATP, (F) 100 nM NPH-II, 3.5 mM ADPBeFx (a ground-state 
analogue), (G) 100 nM NPH-II, 3.5 mM ADP-AlFx (a transition state analogue), (H) 100 nM NPH-II, 
3.5 mM ADP. (I) Basic model for unwinding initiation by NPH-II relying on altered substrate affinities 
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along the ATP hydrolysis cycle. Without nucleotide, NPH-II binds both ssRNA and dsRNA and the 
NPH-II-ssRNA complex readily alternates between two conformations. ATP binding impedes 
dissociation from ssRNA and changes the kinetics of bound state transitions. In the ATP transition 
state, NPH-II no longer binds to dsRNA and interconversion kinetics change again. The helicase 
associates with dsRNA upon ATP hydrolysis and phosphate dissociation. Different shapes mark the 
different conformational states if NPH-II traversed during unwinding initiation. Figure adapted from ref. 
121. 
 
Figure 5. Mss116-mediated group II intron folding using smFRET.124, 162 (A) Experimental design. The 
fluorophore-labeled D135 ribozyme (Cy3: green cycle, Cy5: red cycle) is immobilized on a PEG-
coated quartz slide via a biotin-streptavidin linkage ("B", "S"). Structural interconversion under 
different folding conditions is monitored by following FRET efficiency over time. (B-F) Averaged FRET 
histograms, each built from over 100 single-molecule time traces. Imaging conditions: (B) 8 mM Mg2+, 
500 mM K+. Three FRET distributions are observed, termed "intermediate" ("I"), "folded" ("F") and 
"native" ("N") based on earlier results.162, 163 (C) 8 mM Mg2+, 100 mM K+. Only the "I" FRET state is 
observed at near-physiological conditions. (D) 8 mM Mg2+, 100 mM K+, 25 nM Mss116, 1 mM ATP. 
Addition of Mss116 and ATP shifts the distribution of FRET states towards the folded intermediate 
and the native state. (E-F) 8 mM Mg2+, 100 mM K+, 25 nM Mss116 (and 1 mM AMPPNP). Effect of 
ATP hydrolysis on D135 folding. Prevalence of the native state is lowered in the absence of ATP (E) 
and in the presence of non-hydrolysable AMPPNP (F). (G) Percentage of dynamic molecules at 
different imaging conditions. red: 500 mM K+, 8 mM Mg2+; green: 8 mM Mg2+, 100 mM K+; blue: 8 mM 
Mg2+, 100 mM K+, 25 nM Mss116, 1 mM ATP; yellow: 8 mM Mg2+, 100 mM K+, 25 nM Mss116; purple: 
8 mM Mg2+, 100 mM K+, 25 nM Mss116, 1 mM AMPPNP. (H) Proposed model of Mss116-mediated 
group II intron folding. D135 interconverts between four conformations referred to as "unfolded" ("U"), 
"intermediate" ("I"), "folded" ("F") and "native" ("N"). Mss116 promotes the transition from U to I, even 
in the absence of ATP. It further catalyzes ATP-dependent conversion from F to N.  Figure modified 
from ref. 124. 
 
Figure 6. Probing RIG-I translocation on dsRNA using PIFE.135 (A-B) Experimental design. A 25/40bp 
dsRNA with blunt ends (A) or a 20-50bp dsRNA with a 66-36 nt ssRNA overhang and a 5' 
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triphosphate ("PiPiPi") (B) is labeled with a single DY547 fluorophore (green circle) and immobilized 
on a PEG-passivated surface via biotin-neutravidin ("B", "N").161 (C) Depiction of three modular RIG-I 
variants used in this study. RIGh consists of the central DExH-box ATPase domain and a C-terminal 
regulatory domain ("RD"). wtRIG additionally has two N-terminal caspase activation and recruitment 
domains ("CARD"). In svRIG, one of the CARDs is non-functional. (D) Representative time trajectory 
recorded in the presence of RIGh and the blunt end RNA substrate shown in (A). Helicase binding is 
accompanied by a sudden increase of fluorophore emission. (E-G) Dwell-time analyses for time 
traces recorded in the presence of RIGh (E), wtRIG (F), and svRIG (G) for 25-bp and 40-bp blunt end 
dsRNA shown in (A). RIGh and svRIG translocate faster along dsRNA than wtRIG. In all cases, the 
average time required for end-to-end translocation increases with the substrate length. (H) RIG-I 
translocation on dsRNA in the presence of 5′-triphosphate, average time spent in the bound state 
versus duplex length. (I) Proposed model for pathogen-associated molecular pattern ("PAMP") signal 
integration by RIG-I.168 Binding of the RIG-I regulatory domain (pink) to RNA 5′ triphosphates induces 
RIG-I dimerization as decribed previously.174 This triggers the translocase domain (blue), followed by 
translocation along the dsRNA substrate (red arrow) and induction of a CARD signaling conformation 
(gray). Figure modified from ref. 135. 
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TABLES 
Table 1. Single-molecule techniques applied in studying helicase-mediated RNA folding and 
their technical specifications.  
 Optical tweezers69, 94 AFM69, 90 smFRET70, 175  PIFE131, 136 
Spatial 
Resolution 0.1 - 2 nm 
0.1 nm in z plane 
5 nm in x-y plane 
3 - 8 nm, 
 depending on R0 
below 4 nm 
Temporal  
Resolution 10
-4 s 10-5 s Confocal: ≥5x10
-5 s 
TIRFM: ≥10-3 s TIRFM: ≥10
-3 s 
Force Range 0.1 - 100 pN 10 - 104 pN - - 
Typical  
Applications 
3D manipulation 
Tethered assays 
Interaction assays 
high-force pulling 
and interaction 
assays 
protein and nucleic 
acid folding 
Interaction assays, 
enzymology 
docking/undocking 
dynamics, protein 
displacement 
along RNA 
Features 
low-noise and low-drift 
dumbbell geometry 
no labeling required, in 
vivo measurements (in 
principle) possible 
high-resolution 
imaging, no labeling, 
measurements 
under near-
physiological 
conditions 
confocal: observe 
one molecule at a 
time 
TIRFM: image 
several hundreds of 
molecules at a time 
Image >100 
molecules at a 
time, rather robust 
against photo-
physics 
Limitations photodamage, sample heating, nonspecific 
large high-stiffness 
probe, large minimal 
force, nonspecific, 
surface technique 
labeling required, 
photobleaching, 
dye-sample 
interaction 
Labeling, photo-
bleaching, dye-
sample interaction 
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Table 2. Some RNA-helicases studied by single-molecule approaches, in order of 
appearance in text. 
Helicase Full name 
(www.uniprot.org) 
Subgroup  Biological 
role 
Substrate Method Ref. 
eIF4A eukaryotic initiation factor 4A 
DEAD-
box 
translation 
initiation dsRNA AFM, smFRET 
80, 111 
Ded1 
ATP-dependent 
RNA helicase 
DED1 
DEAD-
box 
translation 
initiation 
ssRNA, 
dsRNA AFM, smFRET 
80, 140 
HCV NS3 
Hepatitis C virus 
non-structural 
protein NS3 
DEAH-
box viral replication 
dsRNA/DNA 
with 3' ss 
overhang55, 
114 
Optical 
tweezers, 
smFRET* 
112, 115, 
118, 119 
NPH-II 
Nucleoside 
triphosphate 
phosphohydrolase 
II 
DEAD-
box 
transcription 
termination, 
RNA export146 
viral dsRNA smFRET 121 
Mss116 
ATP-dependent 
RNA helicase 
MSS116, 
mitochondrial 
DEAD-
box splicing 
group I and II 
introns smFRET 
124 
RIG-I retinoic acid inducible gene I 
DExD/H-
box 
RNA 
interference,176 
immune 
response168 
viral dsRNA PIFE 135 
YxiN ATP-dependent RNA helicase YxiN 
DEAD-
box 
Ribosome 
biogenesis 177 23S rRNA 
178 smFRET 126-129 
* study performed using dsDNA 
